Chlorophyll a fluorescence can be used as an early stress indicator. Fluorescence is also connected to photosynthesis so it can be proposed for global monitoring of vegetation status from a satellite platform. Nevertheless, the correct interpretation of fluorescence requires accurate physical models. The spectral shape of the leaf fluorescence free of any re-absorption effect plays a key role in the models and is difficult to measure. We present a vegetation fluorescence emission spectrum free of re-absorption based on a combination of measurements and modelling. The suggested spectrum takes into account the photosystem I and II spectra and their relative contribution to fluorescence. This emission spectrum is applicable to describe vegetation fluorescence in biospectroscopy and remote sensing.
Introduction
Chlorophyll a fluorescence from light excited vegetation emanates in specific red and far-red spectral regions, and is produced by photosystems I and II (PSI and PSII) which are pigmentprotein complexes involved in the initial stages of photosynthesis. Generally, chlorophyll fluorescence production is inversely related to photosynthesis, except when non-photochemical quenching of fluorescence (thermal dissipation) occurs. Under stress or in moderate to high irradiance conditions, plant tissues increase heat production to dissipate excess energy. This tends to decrease fluorescence emission, at least in the initial and intermediate stages of stress. Therefore, the relative balance between the three major dissipation mechanisms-photosynthesis, heat production, and chlorophyll fluorescence emission-ultimately determines the actual pattern of response observed for fluorescence.
1,2
Steady-state fluorescence, known to be highly responsive to changes in environmental conditions, is widely used as indicator of plant photosynthetic function, and can be used in the early, pre-visual detection of physiological strain. Early detection may facilitate remedial action before survival, growth and productivity are constrained, and may help to forecast long term resource quality. However, since many factors affect chlorophyll fluorescence in a similar way, this technique cannot be used to identify the presence of a particular stressor, but only to indicate apparent physiological strain.
Terrestrial vegetation systems and biosphere processes and interactions are so complex that they require detailed characterization and physically sound models. As regards biosphere dynamics, notably over short time scales, spectral reflectance and directionality of radiance alone cannot provide comprehensive information since these responses are not strictly connected to fundamental processes of plant physiology. The connection is found in vegetation fluorescence, known to convey very specific in- formation regarding the efficiency of light energy usage by plants, thereby relating to plant vitality and the potential to biomass production. Therefore, the use of fluorescence has been proposed to monitor plant status from a satellite platform. 3 However, there are still many unknowns regarding the measurement, analysis and exploitation of natural fluorescence, making necessary the development of appropriate models and campaigns to assess the open technical, instrumental and basic scientific issues. In this paper we present a vegetation fluorescence emission spectrum inside the leaf. This spectrum is free of re-absorption and takes into account the emission of the two photosystems involved in the initial states of photosynthesis. This emission spectrum can be used in fluorescence modelling in biospectroscopy and remote sensing. Additional radiative transfer modelling would be required to include re-absorption within the leaf.
Spectral distribution of fluorescence
The source function that fluorescence modelling requires is the product of the quantum yield of fluorescence u by the spectral distribution function of fluorescence emission g(k), where k is the wavelength of emission. The u values are in the range of a few percent (3-5%), between 0% (no fluorescence) and a maximum of 10%, depending on the state of the leaf photosynthetic apparatus. g(k) is termed elementary emission spectrum as it is not affected by fluorescence re-absorption within the leaf. Determining the elementary spectrum is problematic because its shape and intensity are difficult to measure experimentally.
4, 5 We suggest a spectrum that could be used in several models that aim to describe the fluorescence emission of leaves.
6-9 One can find several publications addressing the establishment of the elementary spectrum. The SLOPE model 8 uses a fluorescence spectrum measured on beech (Fagus sylvatica L.) and elm (Ulmus minor) leaves, in which reabsorption is corrected.
10 Nevertheless, the method to correct for re-absorption reported in this reference recently met with some controversy. 11 The measured in vivo laser-induced chlorophyll fluorescence spectra on sunflower (Helianthus annuus L.) leaves have been parameterized mathematically as the sum of two Gaussian curves centred on 685-690 nm and 720-735 nm. already re-absorbed and do not properly represent the fluorescence elementary spectrum. Moreover a Gaussian decomposition of the emission spectrum does not rely on a physical basis.
The suggested emission spectrum is a combination of measurements and modelling in order to reduce the re-absorption effect within the leaf and obtain a result close to the elementary spectrum. The spectrum separates the contribution of the two photosystems involved in the emission spectrum of the stationary fluorescence (F S ). Furthermore, the introduction of the two photosystems, will enable one to describe the dynamics of the transitions between fluorescence spectra at F 0 (minimum of fluorescence) and F M (maximum of fluorescence) and F M to F S ,
12
as these variations reflect different relative contributions of the two photosystems to fluorescence. Photosystems I and II are protein complexes that contain a reaction centre with its full complement of electron transfer components, as well as an array of lightharvesting (antenna) pigments. Each reaction centre type contains its own reaction centre chlorophyll, P680 in PSII and P700 in PSI. Absorbed light is transferred from a pigment molecule to another in a non-radiative transfer process called exciton transfer. Finally, the exciton either reaches the reaction centre where the chemical reactions occurs, is emitted as thermal de-excitation or as fluorescence. These three processes are in competition, which explains why photosynthesis energy conversion has to be among the fastest known chemical reactions.
At room temperature, a small fraction of the absorbed light energy is re-emitted as fluorescence. For wild type organisms, the chlorophyll a fluorescence emission spectrum is characterized by a major peak at 683 nm (half-width of about 20 nm) attributable to PSII and a broad shoulder from 700 to 750 nm, due to both PSII and PSI, the latter to a lesser extent. 13 For reasons which are unclear, even in the F 0 state where the PSII fluorescence is minimal, there is at least a minor PSI contribution to the variable fluorescence emission of chloroplasts, 14 i.e. the PSI fluorescence seems to be independent of the state of its reaction centre.
15 A possible explanation is that fast equilibration of excited states in PSI makes its emission spectrum independent of the excitation conditions (either direct excitation or excitation through exciton transfer from PSII to PSI or spill-over). 16 So, it was usually assumed that at room temperature most of this fluorescence is emanated by PSII.
2 Nevertheless, the PSI contribution is around 5% at 683 nm and 30-35% at the far-red shoulder.
17, 18 When the PSII fluorescence is maximal (F M ), the PSI contribution is 1% at 683 nm and 6% at the far-red shoulder. Similarly, other authors have found non-negligible PSI contribution.
19,20 Therefore, even if the PSI fluorescence is small, particularly around 683 nm, it is significant and has to be taken into account.
The determination of the PSI emission spectrum makes the isolation of PSI in eukaryotic plants without alteration necessary. Anderson and Boardman were the first to enrich PSI with their digitonin preparation D-144. 21 Several attempts to purify the PSI reaction centre can also be found in the literature. 
27
There is a line of research, and several publications, on the identification of the PSI chlorophyll proteins and the energy distribution between PSII and PSI.
26,28-35 Most papers include PSI fluorescence emission spectra but at low temperatures, and the reason is because there is up to 20 times more fluorescence yield compared to room temperature. 36 There is also a shift in the maximum position that makes the fluorescence emission spectra at low temperature not comparable to room temperature.
37, 38 Very few authors show the spectra at room temperature and then only to illustrate the differences between room and low temperature where the study is focused.
36,39, 40 Croce and co-workers 27 applied the technique developed by Bassi and Simpson 41 to obtain a ratio of chlorophyll to P700 of 300 : 1, and measured the PSI fluorescence emission spectrum for eukaryotic plants at several temperatures, from room temperature to 100 K. We have chosen the fluorescence spectrum provided at room temperature by Croce and co-workers for the following reasons. Firstly, they proved that the effect of the detergent used in the extraction causes a marked increase in the contribution of the emission band near 680 nm 36 and corrected it. Secondly, the authors also found a good correlation between the measured PSI fluorescence emission spectrum and the calculated emission spectrum applying the Stepanov equation to the absorption spectrum.
Regarding PSII extraction, Berthold et al. developed a simple technique to fractionate the chloroplasts using detergent and salt treatments. 42 This technique is usually called BBY and is probably the most popular way of extracting PSII from chloroplasts. The extracted PSII (usually called BBY-grana) is considered to be in native form because both the reaction centre and the lightharvesting complex (LHC-II) are present. Franck et al. produced a native PSII fluorescence emission spectrum. 43 The authors measured the fluorescence spectrum for several concentrations of suspensions of isolated PSII. From the shape of the shoulder at farred wavelengths we can consider that the most similar spectrum to the native PSII form is the one with the minimum chlorophyll concentration, because it has not been re-absorbed. In Fig. 1 we present together, and with the same scale, the PSI and PSII emission spectra for plants digitalized from the figures reported in the cited papers. The PSII spectrum corresponds to chlorophyll content 0.02 mg ml −1 . The low chlorophyll content assures that red re-absorption is minimized.
PSI and PSII contribution to fluorescence
The relative contribution of PSI and PSII is a question that has to be dealt with. Franck et al. 43 proposed a relative weight for each photosystem through the k I and k II coefficients, respectively:
The authors neglected the PSI variable fluorescence due to spillover. Assuming that k I = 1, they measured k II = 5.85 by an indirect experimental approach, although it was suggested that k II could be species dependent. We suggest another approach for the PSI and PSII contribution, based on the plant regulation to illumination conditions and also on the lifetime of each photosystem. Plants can cope with changes in the environment by changing the architecture of their thylakoids (grana stacking/unstacking), their stoichiometry of the reaction centres (PSII/PSI ratio), or the photosynthetic unit size.
44-52
In limiting light conditions, the photosystem acclimation follows two strategies: modulation of the antenna size, and of the photosystem stoichiometry.
46,48,51,53
Recently, it was shown that the regulation of antenna size is restricted to PSII while PSI-LHCI stoichiometry remains constant. 54 The general finding shows that low-light plants with large PSII antenna size have lower PSII/PSI ratios, in contrast to high-light plants with smaller PSII antenna size, which have higher PSII to PSI ratio. 55 The ratio PSII/PSI is about 1.5 under many conditions, but it changes according to growth conditions.
56
PSII/PSI increases with irradiance during growth, and its value is species-dependent. 57 The values are in the range 1.5-1.9 for sun leaves.
58, 59 As an adaptive response to a change from low to high irradiance, the stoichiometry may increase after a few days. The antenna size and the PSII/PSI ratio are used as weighting factors in the combination of the photosystem emission spectra, but an additional factor is required. The fluorescence lifetime s corresponds to the mean duration of the excited state of the chlorophyll molecules. It has been shown that the mean chlorophyll fluorescence lifetime stays almost proportional to the fluorescence yield in most experimental conditions. 60-63 A direct estimation of the fluorescence quantum yield U can be obtained through the relation
where s 0 is the fluorescence lifetime in the absence of any other deactivation process, with a value of 15 ns. 64 The two photosystems do not have the same fluorescence lifetimes, and consequently the chlorophyll fluorescence quantum yield is different. The fluorescence lifetime has a measured value of 0.1 ns for PSI and 0.5 ns for PSII.
18,65-67 A weighting factor 5 is then applied to the PSII spectrum to take into account the different lifetimes. Thus, the fluorescence emission inside the leaf will have the following form
where: PSI(k) and PSII(k) are the above mentioned emission spectra of each photosystem; S I is the PSI antenna size; S II is the PSII antenna size (both sizes expressed in Chl molecules); Sto is the ratio PSII/PSI; k is the wavelength; and N is a normalization integral so that g(k) is normalized to 1 in the range of 640-800 nm. Fig. 2 shows the emission spectrum in eqn (3) for measured values of photosystem stoichiometry and antenna sizes for low light 68 and high light conditions. 58 Both spectra present similar peak ratios due to the fact that a higher PSII/PSI ratio is balanced with a smaller PSII antenna size. However, the ratio between the two fluorescence peaks can change dramatically during induction kinetics. The changes can be explained either by a change in energy transfer, or by simple differences in the variation of fluorescence in the inner leaf tissue (with low excitation light intensity and high re-absorption) and the tissue close to the leaf surface (with high excitation light intensity and low re-absorption). Further work would be necessary in order to include induction kinetics in the emission spectra. 
Conclusions
The exact spectral shape of fluorescence within the leaf free of any re-absorption effect is difficult to measure and has been derived from a combination of measurements and modelling. The proposed spectrum takes into account the contribution of each pigment-protein complex involved in the initial stages of photosynthesis, termed PSI and PSII. The PSI fluorescence emission spectrum is taken from its native form, the lightharvesting complex serving PSI. On the other hand, the PSII emission spectrum corresponds to BBY-grana, which is considered to be native as it includes both the reaction centre and the lightharvesting complex. The two spectra are combined with three different weighting factors in order to take into account the photosystem acclimatation to the environment and their different lifetimes. Firstly, the stoichiometry of PSII/PSI reaction centres is different from unity. The PSII/PSI ratio depends on light conditions during plant growth and can change as an adaptive response to changes in irradiance. Secondly, the PSII antenna size is extensively regulated according to illumination conditions. Thirdly, the photosystems have different lifetimes, and a weighting factor has been included. These three factors are included in the combination of the fluorescence emission of each photosystem, and the shape of the resulting spectrum is presented for high and low light conditions. The fluorescence emission spectrum inside a leaf can be useful to accurately model fluorescence in biospectroscopy and remote sensing.
